Liquid and semi-solid state foaming processes have been widely used as a manufacturing method of closed-cell metal foams. These metal foams usually have large pores as well as high porosity. Large pores and inhomogeneous pore distribution often cause a decrease in mechanical properties. Therefore, microcellular foams are desirable for engineering applications. In the present study, solid-state foaming process under superplastic conditions is examined in order to manufacture microcellular aluminum foams. The superplastic flow during the high temperature foaming accelerates the foaming rate and increases the porosity. Commercial SP5083 aluminum alloy sheets were used as a starting material because they are typical superplastic material. Preform sheet containing titanium hydride particles was produced through accumulative rollbonding (ARB) processing. Heating the preform sheet under superplastic conditions, we obtained aluminum foam with small oblate pores. The thermal conductivity was quite small because of the oblate pore shape. Superplastic flow enabled to produce a thin sandwich panel and porous bulge structures. These panel and bulge with oblate spheroidal pores parallel to the surface are industrially important because of their excellent thermal insulation. Present experimental results of superplastic forming and foaming (SPFF) processing has potential for near net-shape forming of microcellular aluminum foams.
Introduction
Cellular aluminum is attractive material for lightweight structural applications. 1) A variety of manufacturing processes are classified into melt 2) and powder metallurgical (PM) 3) processes. Recently, the authors proposed a new manufacturing process for closed-cell aluminum foams, which is named the accumulative roll-bonding (ARB) process. 4, 5) It is noted that the original ARB process has been developed for severe plastic deformation. 6) A schematic illustration of the ARB process is shown in Fig. 1 . At first, aluminum strips are stacked with a small amount of foaming agent powder. Second, the strip is roll-bonded by 50% reduction without lubricant. Third, the roll-bonded plate is cut into two strips. Two strips are stacked to be the initial dimension and roll-bonded again. The aluminum matrix composite plate including foaming agent particles is produced after several ARB cycles. We name this composite material ''preform''; which corresponds to ''precursor'' in the PM process. Foaming method is the same as in the PM process. The advantage of the ARB process is to use inexpensive metal and alloy sheets instead of expensive metal powder.
Problems in closed-cell aluminum foams are a large pore size above one millimeter and an inhomogeneous pore distribution, which often decrease the mechanical performance. Undesirable cell morphology is due to unstable pore formation in the fluid aluminum. Foam stabilization is now important subject in the aluminum foam processing. 7) In the melt process, increasing the viscosity of molten aluminum is effective to produce homogeneous cell morphology. In the PM process, fine oxide particles contribute to increase the viscosity. On the other hand, decreasing the foaming temperature is also effective to increase the viscosity. We focus on the solid-state foaming in the ARB process in order to produce microcellular aluminum foams.
Though the solid-state foaming is preferable to suppress pore coalescence, the foaming rate is quite slow and the resultant porosity is small. There have been some reports for the solid-state foaming in PM titanium foams. 8, 9) Liquid-state foaming is not suitable for titanium foams because of the high melting point and melt reactivity. However, titanium foams with high porosity could not be produced under the creep condition. Recently, Dunand 10) proposed the solid-state foaming of titanium under superplastic conditions and revealed the enhancement of the foaming rate and the porosity. The present authors also reported a similar result in PM zinc foam. 11) Characteristics of superplasticity are significantly higher ductility and lower flow stress than those of the creep deformation. These are obviously effective to improve the solid-state foaming. It is noted that superplasticity is classified into internal stress superplasticity 12) and structural superplasticity.
13) The former is due to high internal stress induced in the material during the thermal cycling. The latter is due to the grain boundary sliding in finegrained material. Examples of titanium and zinc foams come into internal stress superplasticity. For titanium having phase transformation, high internal stress is induced by transformation mismatch strain. For zinc having anisotropic coefficient of thermal expansion (CTE), internal stress is induced by CTE-mismatch strain. In the present study, we examine the superplastic foaming process for microcellular aluminum foam. Except for aluminum matrix composites, internal stress superplasticity does not occur in aluminum alloy and there have been extensive studies for structural superplasticity in many kinds of aluminum alloys. Therefore, we improve the solid-state foaming of aluminum foams by structural superplasticity. In addition, the secondary forming process of aluminum foam is examined because superplasticity is effective for near netshape forming. Applications to an aluminum foam sandwich (AFS) panel and a bulge structure by a blow-forming technique are demonstrated in section 5.
Experimental Procedure
Superplastic Al-Mg alloy (SP5083) sheets provided from Furukawa-Sky Aluminum Co. were used in this study. Chemical composition of SP5083 alloy is shown in Table 1. 14) The mean grain size was 11 mm after annealing. Titanium hydride (TiH 2 ) powder with 5-10 mm in particle size was used as a foaming agent. Six strips with 30 mm width, 160 mm length and 1 mm thickness were prepared. The roll-bonding interfaces were cleaned by acetone and scratched by stainless steel wire brush. The six strips were stacked to achieve 6 mm thickness and 2 mass% TiH 2 powder was put between the strips. Stainless steel clips fastened both ends of the stacked strips. The strip was roll-bonded with draft percentage of 50% in one pass at 623 K. The resultant roll-bonded strip was cut into two strips. These strips are used as the starting material for the second cycle of roll-bonding. After eight cycles of the ARB processing, the preform sheet with 3 mm thickness was obtained. Preform sheet without TiH 2 particles was also manufactured for comparison.
The preform sheet was machined into 15 Â 15 mm square specimens. Foaming tests were performed using an electric furnace in air. The specimen was quickly inserted in the furnace and quickly pulled out after different holding times. The foamed specimens are machined into square plates with 10 Â 10 Â 3 mm and their macroscopic density is measured from its weight. Cell morphologies of transverse and rolling direction were observed in an optical microscope. In order to identify the pore shape, the pores were colored by graphite powder.
The thermal diffusivity of the foamed specimens was measured by the laser flash (LF) method in air. Circular specimens with 10 mm in diameter and 2 mm in thickness were machined from the foamed specimens. Both sides parallel to the rolling direction were coated by graphite powder in order to enhance absorption of the thermal flux. The pulsed laser light was infrared and perpendicular to one surface. The temperature change was measured by R-type thermocouple which was bonded on another surface. The thermal conductivity, k, was calculated from the thermal diffusivity, the specific heat and the macroscopic density.
Results

Preform
Microstructures of the perform after 2, 4, 6 and 8 ARB cycles were observed by optical microscopy [ Fig. 2 ]. The horizontal direction is the rolling direction. During ARB processing, the TiH 2 particles gradually dispersed in the 
Porosity
High-temperature foaming tests were carried out in the liquid-state at 903 K and in the solid-state at 843 K. The solid-state foaming temperature corresponds to the superplastic condition of 5083 aluminum alloy. Two kinds of porosities without skins were plotted against the holding time [ Fig. 3 ]. The porosity in the liquid-state foaming rapidly increased at the beginning of the foaming test. After maximum expansion, the porosity fell down due to pore collapse. On the other hand, the porosity was monotonously increased in the superplastic condition up to 40%.
Cell morphology
The cell morphology of the specimen foamed at 843 K for 30 min was observed [Fig. 4 ]. The porosity without skins was 32%. Many oblate spheroidal pores were observed in the specimen. The mean pore size in the normal direction was 0.1 mm. These pore shape and size are quite different from the foams manufactured through the liquid-state foaming process. Anisotropy of the pore shape might be due to the rolling structure in the preform sheet. Microstructural observation and X-ray diffraction analysis revealed that a small amount of TiH 2 particles remained in the aluminum matrix.
Thermal conductivity
The thermal conductivity of the aluminum foams with different porosities was evaluated by the LF method in air. The foam thermal conductivity, k F , was plotted against the relative density in Fig. 5 . Here, k M is the value of the nonporous specimen (89 W/mK). The thermal conductivity of the aluminum foam was significantly decreased with decreasing the relative density. Scattering in the experimental data is due to the LF method which is not appropriate for porous or composite material. Large pores and inclusions at the surface often induce errors in the thermal diffusivity calculation. 
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Two broken lines show theoretical prediction for spherical pores ( ¼ 1) and oblate spheroidal pores ( ¼ 0:1), where is the aspect ratio of the pore. Details of the theoretical calculation are described in Ref. 16 ).
Discussion
The ARB process for manufacturing preform sheets was successfully applied to 5083 alloy sheets. Our previous study revealed that homogeneous distribution of the TiH 2 particles was achieved over 4 ARB cycles in the case of six starting strips.
15) However, we carried out 8 ARB cycles in this study for the purpose of the size reduction of the particles. Though the difference in microstructures between the 4, 6 and 8 ARB cycled preform sheets was not observed, the most homogeneous cell morphology was obtained in 8 ARB cycled preform sheet. This may be due to the grain structure or texture of the aluminum matrix.
Experimental data of the thermal conductivity were compared with the theoretical calculation by continuum theory in Fig. 5 . Assuming the pore shape as spheroid, the authors 16) calculated the thermal conductivity as a function of the aspect ratio and the porosity. Experimental data agreed well with the broken line of ¼ 0:1. Therefore, oblate spheroidal pores were found to be effective to reduce the thermal conductivity compared to the spherical pores.
One serious problem in the superplastic foaming process is low porosity. This is due to the flow mechanism of the aluminum matrix. In the case of liquid-state foaming, the matrix flow obeys Newtonian flow with the stress exponent of one. On the other hand, the stress exponent of conventional superplastic flow is in the range from 2 to 3. If the superplastic flow of the matrix is dramatically improved, the porosity might increase up to about 70%.
Applications
AFS panel
One of the structural applications of the aluminum foam is a core of AFS panel. Lightweight aluminum foam is effective to increase the stiffness of panel components.
17) The thickness of the AFS panel depends on the pore size of the aluminum foam core. Previous aluminum foams having large pores cannot be applied for manufacturing of thin sandwich panels. Therefore, the industrial application is limited to large structural components. As shown in Fig. 4 , the present ARB process is effective to manufacture thin plates. Here, we demonstrate how to manufacture thin AFS panels through the ARB process.
The manufacturing process of the sandwich panel is schematically illustrated in Fig. 6 . The preform plate including 1 mass% TiH 2 particles was successfully manufactured from six SP5083 alloy strips through 6 ARB cycles. Two dense SP5083 aluminum alloy sheets with 1 mm thickness were used as a skin material. After surface treatment, the two skin sheets and the preform sheet with 3 mm in thickness were bonded by the conventional cladding technique. Draft percentage of the cladding was 50%. In the following, the clad sheet was heated under the superplastic condition of 843 K. Cross section of the foamed clad sheet is shown in Fig. 7 . Good bonding was achieved between the aluminum foam core and the skin sheets. The thickness of the AFS panel was 3.2 mm and the porosity of the core was about 22%. Spheroidal pores parallel to the rolling direction were observed. Present experimental results found that the ARB process under superplastic conditions was suitable for manufacturing of thin AFS panels.
Superplastic blow-forming
Advantages of superplasticity include a potential for near net-shape forming. The typical experimental demonstration of the formability is a blow-forming test for manufacturing of a bulge structure.
18) Here, we carry out the blow-forming test of simple free bulging.
The experimental procedure is schematically illustrated in Fig. 8 . The SP5083 alloy preform sheet with 2 mass% TiH 2 particles was manufactured through the ARB processing. Furthermore, the preform sheet of 3 mm thickness was rolled to 1 mm thickness. Disk specimens with 50 mm in diameter were machined from the preform sheet. The specimen was arranged in a special steel die and heated in the electric furnace. The external pressure was applied to the bottom surface of the specimen using argon gas. The temperature of the blow-forming tests is in the superplastic forming temperature range, therefore, the specimen not only deforms but also foams superplastically. It is noted that the present experiment mean the first demonstration of the simultaneous processing of superplastic forming and foaming (SPFF). The SPFF tests were carried out under the different temperature, holding time and pressure conditions. Blow-forming test was carried out using five specimens Table 2 . Slight fracture was observed at the top surfaces of the specimens B, C and D. It is noted that the normal 5083 alloy sheet formed a complete hemisphere with 15 mm height by the present blowforming test. Figure 9 shows the photographs of the blow-formed specimens. Though a suitable bulge structure was formed, the porosity was lower than the free foaming shown in Figs. 3  and 4 . The reason is due to the external gas pressure. Pore expansion was suppressed by the high external stress. Observation of the cross section revealed that the pore size was quite small (less than 1 mm) and the pore shape was an oblate spheroid parallel to the bulge surface. Present experimental results show that the SPFF process through the ARB process is effective to manufacture the porous bulge structure. As shown in Fig. 5 , the oblate pores are effective to reduce the thermal conductivity, therefore, the porous bulge structure can be used as a thermal insulation tank.
Summery
Effect of superplastic deformation on the solid-state foaming process of closed-cell aluminum foams was examined using a SP5083 aluminum alloy as a model material. The ARB process enabled to manufacture a preform plate containing TiH 2 particles. Aluminum foams having small and anisotropic pores were produced under the superplastic foaming condition.
Significantly low thermal conductivity was measured in the aluminum foams having oblate pores. Therefore, the manufactured foam possesses a potential in thermal insulation systems. Theoretical prediction by continuum theory agreed well with the experimental results.
Thin sandwich panel with aluminum foam core was manufactured by a conventional cladding method. In addition, porous bulge structures were manufactured by a conventional blow-forming method. These experimental demonstrations revealed the merit of the ARB process and SPFF process for industrial applications. Though the porosity level in this study was slightly low, it can be overcome by optimized manufacturing process. 
